It has long been debated whether visual processing is, at least partially, a discrete process.
In this account, whether a long ( Figure 1A ) or short ( Figure 1B ) flash-lag illusion occurs on a 116 given trial is mainly determined by the phase of the discrete sampling cycle at the moment of 117 the flash onset. As this phase is generally unknown to the experimenter, the trial-to-trial 118 variability in the illusion strength is often interpreted as noise. Some studies, however, have 119 directly measured this phase with EEG, and verified that it influenced the flash-lag magnitude 120 (Chakravarthi & Vanrullen, 2012) . Here, our aim was to causally modulate the phase of the 121 discrete sampling cycle by modulating the luminance of an annulus that surrounded a clock 122 stimulus, and to prove that this phase had a causal influence on the flash-lag illusion. The FLE 123 was randomly probed at 120 consecutive time points over the course of the entrainment 124 ( Figure 2) . A frequency analysis of the average time course revealed a modulation of the 125 perceived FLE duration at 10 Hz. We conclude that the visual stimulus entrained the discrete 126 neural sampling mechanism, leading to a periodic modulation of the FLE. 
Results

130
In the current study, we investigated the causal influence of a periodic entrainer on the 131 perceived FLE duration. We presented participants with a clock stimulus containing a clock 132 hand revolving at 1 Hz. The clock stimulus was surrounded by an entrainer annulus that 133 changed its luminance from black to white periodically (following a sine function) at 10 Hz. 134 At random SOAs we presented a cue by turning the frame of the clock red. Participants were 135 then instructed to indicate the position of the clock hand at the onset of the Cue.
136
The mean FLE duration (misperception in milliseconds) across observers was 32.4 ms (± 6.48 137 ms, SEM) ( Figure 2B ). Across trials the perceived FLE had an average standard deviation of 138 75.4 ms (±6.42 ms, SEM across subjects) ( Figure 1C ). Large standard deviations have been 139 previously reported and have been shown to be unaffected by low level stimulus features 140 (Chakravarthi & Vanrullen, 2012; Linares, Holcombe, & White, 2009 Methods section). Initial inspection of the time course ( Figure 3A ,B) indicates a strong 150 oscillatory component, coupled with the background luminance modulation, in the 10 Hz 151 range. To quantify this, we performed a frequency analysis on the preprocessed FL time-152 series. The resulting power spectrum revealed a dominant oscillation at 10 Hz ( Figure 3C ).
153
To statistically test the significance of this peak we created 5000 surrogates by shuffling the 154 120 SOA-bin labels within subjects and recalculating the power spectrum. P-values were 155 computed as the percentile of the mean power values within the bootstrapping distribution.
156
This allowed us to test the null-hypothesis that the power spectrum of the average FLE time 157 course does not show a peak at a specific frequency. All preprocessing steps were kept 158 identical for the surrogates. The FLE time course oscillatory power at 10 Hz was significantly 159 higher compared to the surrogate distribution ( Figure 3C , p = 0.028, FDR corrected). 160 We also analyzed the phase-consistency of the 10 Hz oscillation across subjects. The complex 161 FFT coefficients at 10 Hz were extracted to calculate individual phase angles. We then 162 compared these angles using Rayleigh's test for non-uniformity testing the null hypothesis effect as a result of the entrainment of the discrete sampling mechanism to the rhythmic 170 luminance modulation. However, an alternative interpretation could be that the luminance of 171 the background (even when it is not rhythmically modulated) has an effect on FLE. In order to 172 control for the possible confound that the modulation in perceived FLE was caused merely by 173 the luminance values of the annulus rather than neural entrainment caused by the dynamics of 174 the stimulus, we conducted a control experiment (N = 25). The experimental parameters were 175 kept identical to the dynamic entrainment condition with the exception of the annulus, which 176 had a static luminance of 0% (black), 50% (gray) or 100% (white) throughout the trial. We 177 statistically compared the perceived FLE in the three static luminance conditions using a one-178 way ANOVA ( Figure 4 ). No significant difference in perceived FLE was observed between 179 luminance conditions (F(2,1977) = 0.02, p = 0.98). We conclude that the luminance of the 180 entrainer is not the main factor that explains the observed FLE modulation in the main 181 experiment. Instead, it is likely that the rhythmic modulation of this luminance played a key 182 role via rhythmic entrainment, in line with our hypothesis. 183 184
Discussion
186
In this study we tested the causal influence of a visual entrainer at 10 Hz on the flash lag 187 illusion. We found that the perceived FLE duration was periodically modulated at the 188 entrainer frequency of 10 Hz and that these oscillations in the individual FLE time-series were 189 strongly phase coherent between subjects. The oscillatory fluctuation in the perceived 190 temporal offset between the moving and flashed object in the flash lag illusion is a direct 191 demonstration of a rhythmic modulation of time perception. Our findings therefore provide 192 strong causal evidence for the "hard" theory of discrete perception.
194
Our experiment was based on the discrete sampling hypothesis of perception (Busch et al., 195 2009; Haegens et al., 2011; Lőrincz et al., 2009; Samaha & Postle, 2015; Schneider, 2018; 196 Valera et al., 1981; VanRullen, 2016; VanRullen & Koch, 2003; Vijayan & Kopell, 2012), 197 which claims that the visual system periodically divides incoming visual information in 198 discrete chunks. In the context of the flash lag illusion, visual information is assumed to be 199 5 periodically collected over the course of a fixed time frame, sometimes called a "perceptual 200 moment", at the end of which the last known positions of the objects are registered 201 (Schneider, 2018) . If two objects are presented, one static and flashed and another moving 202 continuously, a systematic offset between real and registered position is introduced, 203 depending on the relative timing between presentation of the static object and the end of the 204 perceptual moment (Figure 1 ).
206
The idea of a discrete sampling mechanism in vision affecting temporal perception has (Schneider, 2018) .
234
While our experimental paradigm was successful in eliciting the flash lag illusion, the mean 235 perceived lag (32.4 ms) and the variation within participants (mean std: 75.4 ms) was 236 different compared to some previous studies (Eagleman & Sejnowski, 2000; Kerzel, 2010; 237 Murakami, 2001; Schneider, 2018) . We attribute this discrepancy mainly to the paradigm that 238 was applied in this experiment. Previous experiments have typically used only two visible 239 stimuli to assess the FLE. In our paradigm multiple reference objects (i.e. minute markers) are 240 on the screen that may aid the correct localization of the stimuli. An almost identical 241 paradigm using the same clock stimulus was used by Chakravarthi and VanRullen (2012)and 242 a highly similar mean FLE (27 ms) was observed, supporting this account. The mean std. 243 across trials found here is somewhat closer to what has previously been reported. We think 244 that the increase in variability might be a result of the highly dynamic entrainer annulus which 245 might have had a distracting effect on attention. Without further experiments, however, we 246 will not be able to explain these discrepancies fully. the entrainer annulus, which we verified in a separate control experiment. In conclusion, we 270 were able to provide causal evidence for the existence of a discrete sampling process in the 
Protocol
286
Stimuli were presented at a distance of 57 cm with a LCD display (1920 x 1080 resolution, 287 120 Hz refresh rate) using the Psychophysics Toolbox i running in MATLAB (MathWorks).
288
Stimuli consisted of a central fixation dot (diameter = 0.3°), a central clock stimulus (radius = 289 2°) with a black border (width = 0.3°), 60 evenly spaced clock markers (12 with length = 0.4°, 290 48 with length = 0.3°) and a rotating clock hand (length = 0.7°). The gap between the clock 291 hand and the clock border was 1.3° and between clock hand and long clock marker 0.9°. The 292 entrainer annulus and the clock hand were separated by 1.5°. The clock was surrounded by an 293 entrainer annulus (outer radius = 11.5°, inner radius = 3.5°). Stimuli were presented on a gray 294 background.
296
Trials started with the fixation point on the screen (Figure 2A) . Participants initiated the trial 297 via button press. Directly after the button press the entrainer annulus as well as the clock 313 We conducted a control experiment to verify that the observed modulation was due to neural identical to the revolution frequency 1 Hz. We then normalized the data by applying a moving 339 z-score window of length 116 ms. A 116 ms window (7 SOAs) of the original data was z-340 scored and the central value was saved in a separate array. The window was then shifted by 341 16 ms (1 SOA) and the process was repeated resulting in one normalized time course per 342 subject. We validated in a separate re-analysis that the length of the window did not affect our 343 findings. Window lengths of 60 ms up to 208 ms lead to comparable modulations at 10 Hz. Conflict of Interest Statement: 361
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